Science d'ingénieurs et Sciences Pour l'Ingénieur : l'exemple du génie chimique by Grossetti, Michel & Detrez, Claude
Science d’inge´nieurs et Sciences Pour l’Inge´nieur :
l’exemple du ge´nie chimique
Michel Grossetti, Claude Detrez
To cite this version:
Michel Grossetti, Claude Detrez. Science d’inge´nieurs et Sciences Pour l’Inge´nieur : l’exemple




Submitted on 30 Jan 2007
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























































































©@EhC023ﬂ302@98#?@;sGN52/i3ﬂ2U92?@;=6A2¦#6-ﬂ92U9]h8§?Á;=6J8UE#N52iB#G?O93<2k¥#68UE5¦52 B#2;Jº ;J2]¦#6G ;=-H©@EF2tÁ2?;/U;J2iÅ
/@;J2 PJÅ`3XG¨\V2i2L;sj#2`¦53HG/2k62@9J¦52/L;J-N52t2[?;GN§2/k¦O3E9~B#2 cp5d/8#?@;=6G ;979-¥5?#DU92?@;=62 clOe2L;



















B#297D/8O3H2@9~BC0-Z?#¥5D?#-02LE56 9EF?#-XNF26 9-;JG-H62@9vO±¤2i¥5D?#-ﬂ2/1#-ﬂtÁ-0©@EF2]¦5G6u;=-H2ÁtG 2E562ÁB#2/2Á©@EF-K2@9u;























B#D9-Z¥5?#D¸2? µ6G?5/2¬¦5G6 3=C02f#¦#62U9 9-X8O?»ÆﬀÇ:/-02[?V/2@9 ÈM8UE56 3=CHÉÄ?ﬀ¥5D?#-ﬂ2E56Ê]©@EF-./8§6J62@9¦58#?#B








G-<9 BO2 3XG 62/[1V26/1#2 6DG3H-y9AD2 GLE»92-H?¸B#2V9 B#D¦5G6u;J2ti2?@;9
B:C0Æ2?U¥5-H?5226-H?#¥#Ê¾B#2@9 E:?#-NF26 9-I;JD@9¬GtD6-0/G-Z?52U9 v
>
2L; 2?O92tkF3ﬂ2¯B#2»B§-<9A/[-H¦53H-Z?52U9¹2L; B#2




-ﬂ/GL;J-H8#?O9®/8§?:9=;-I;<EF2?@;E5?V2 §8§?#?52 ¦5G6u; B#2@9°9/-02[?V/2@9¡¦58UE56
3=Cﬂ-H?#¥FD?#-ﬂ2E56QiB#G?:9i30G 6DN§8O3E#;J-H8§?-H?5B@E9=;=6Ä-X2[30302 B#2x30G
m
-H?.B@EÉk2³9-0¿/302 2f#¦53ﬂ-0©@EF2 ©@EF2 302U9
D/15G?U¥52@9 2?@;=62 3HG 6A2/1526/152 2L; 3<Cﬂ-H?5B@Eh9u;=6-02 ² 9A8O-H2?@; tiG-H?@;J2?VG[?; G?V/-ﬂ2?:9 v
±C0-Z?:9=;-I;<E#;=-H8§?#?VG3ﬂ-<9GL;=-H8#?ÃB#2U9ª9J¦5D/-0G[30-;JD@9¹BCﬂ-H?ﬀ¥:D?#-02E56 9ª9 Cﬂ2@9=; G¦#¦UE5²#D2 9=E56¬B#2@9
m
8#6ti2U9




B:C0-Z?#¥5D?#-02LE56 9  EF?#-NF269-;JG-62U9Â8UE ?V8§?  2[? 6G?#/2] T2/1#?#-<9/152i8#6 91E:302? 2?















-Z? /85t t2B#2[tG?#B52 9A8O/-0G302 ¦58U;=2?;-H2303ﬂ2 V6G?#B#-02Á¦5G67302@9YEF?#-NF269-;JG-62U9
m














































¥5D?#-ﬂ2 /1#-Zt-0©@EF2xB52 T8UE53H8UE92]79uE563uC0G?5G3X²F92 B#2V9i¦#E#53ﬂ-0/G;-H8#?O9B52x30GÇ58O/-HD;JDxB#2
>
1#-ﬂti-<2





µ6G?#/2³E:?V2¶B#-<9/-H¦O30-H?52¶B:Cﬂ-0ti¦58§6<;JGL;=-H8#?#]kB#8#?;´3=C08§6- ¥O-0?#2.2@9u; GLE#f­q;JG ;9ryRS?#-<9voÉ3i926AG¶B#8#?#/
?VD/2@9 9G-6A2 BO2
m























/1#-ﬂtÁ-02´2@9=;~B#2LN52?@EF2 EF?#2 9/-02?#/2´D;=68#-;J2ti2?@;~G@9985/-0D2´Å 3=Cﬂ-H?5B@Eh9u;=6-X2UvÉ39=E
m=m
-;~B#2Á6G¦#¦523026
302U9 2f52ti¦O302@9 B#2 ±-025-H¥5]ﬃ7EF1#3ﬂtG?#?#] ÇO8#3N5G² 2; 5-H2? B:CﬂGE#;=62@9 ¦58VE56 ti2@9=E5626
3=Cﬂ-H?;26J¦5D?5DL;=6G ;=-H8#? B#2U9t`8§?VBO2@9WG/GB#DtÁ-0©@EF2´2L;7-H?VB@E9=;=6-H23B#G?:9_/2´B#8OtiG-H?52Uv^oE B#DUE#;~B#2

























































 B#2 B#D/2tk#6A2ªclO\ﬀb#] 3=CﬂDB#-;J8#6-HG3 6G/8§?;J2 30G
m
85?#B#GL;J-H8#?2?³¦5302[-H?52 ¦52ti-0¿62 ¥UEF2662 ti8O?VB§-0G302 P3HG ¦#62t -0¿6A2 6DLE5?#-H85?B#2 30Gx985/-ﬂD;JDx9C02@9u;















































































































































































































































































































E9-H85? B52@9 /8§?#?VG-y99AG?#/2U9¯Å 3uC0-Z?;J26
m











































¦5G6u;=-H/-H¦5G[?;9 B#2¬z#z¾?#GL;J-H8#?:9 GU9 9-<9=;JG?@;°Å¾cb#d¾/8§?
m
D62?V/2@9  2? cl#bc¸Å¹ÈMG6-<9] cj#d
















8#6¥5G?#-09D2[?n¦#68VN5-H?5/2´¦5G6_B#2U9_-H?:9u;J-;<E#;9_B#2´/1#-ﬂti-02 E5?#-NF26 9-;JG-H62@9¨g2?­cl#b#b Å¨±¤-ﬂ30302 2L;~2?
cl#bOe Å

























8#6tiGL;J-H8§?B@E ti8OB#29u;J2k3HGF8§6AG ;y8§-6A2 B:C0D302/L;=685/1#-HtÁ-02iB#8§?;-H3MG`¦#6-<9














-H?5G?#/2 302@9 D/8O3H29¡2;-H?O9=;-;<E#;9aB#2 /1#-ﬂt-ﬂ2Q] 3H2U9.D/8O302@9.BCﬂ-H?#¥5D[?#-02LE569¶?V8O?
E5?#-NF269-;JG-Z6A2@9´P<q/853H2³B#2 È1U²:9-0©@EF2³2L; B#2
>
1#-0ti-ﬂ2É?VB@E9u;=6-H23H3ﬂ2B#2³30G k-ﬂ303ﬂ2 BO2 ÈMG6-y9¦5G6
2f52ti¦O302Q]302@9~-Z?:9=;-I;<E#;9B#2 /1#-ﬂtÁ-02EF?#-XNF26L9-I;JG[- 62U9/6DD@9GLE B#DﬀE#;B@E 9-0¿/3ﬂ2P47623H8§?V]YclOeﬀlUQ
2;3·Cﬂ-H?5B@E9u;=6-H2Uv
ÈM2?VB#G?@;¨/2x;J2tk¦:9]oEF?­/26u;JG-H?­?#8OtkV62B:Cﬂ-H?#¥5D?#-ﬂ2E56 92L;¨B:CE5?#-NF26 9-;JG-H62@9n/1#26A/[1V2?@;¨GLE#f










2fU;JD6-H2LE569_GLEt`8O?#B#2 EF?#-NF26 9-;JG-H62 gB#2U9_-H?U¥FD[?#-02LE569_/8#?O9uEF3;JG?@;9WB:CXEF?#2Á¦5G6=;J]B#2@9~¥#68VE5¦529
-H?5B@E9=;=6Ä-X2[3<9KB:C·GLE#;=62o¦5G6<;v
 
4ﬂTﬃﬀ= 9 Qﬂ  #ﬀ«ﬂ` !"ﬃﬁf#ﬀ«ﬂﬃﬂ"' 1W9 
q¤?ÂG?ﬀ¥O30G-<9]x302 ;J26Ät`2¹Æ/1#2tÁ-0/G3 2[?ﬀ¥O-H?5226Ä-H?ﬀ¥OÊ¸B#D@9-H¥5?#2 GLE¯B#DﬀE#;¡3H2U9®/8§?#?VG-y99AG?#/2U9




















°t1·Iﬃ!°'¹t©9IW' '4'14ﬃI bW7t W³914WŁ!$#&y-WI7b&%y]'Ł1¥ !'('Cº49b'9«¥
9'()+*xb ³!WW79~7t`Y°Tt¸9!7I`I!T!h791~Ł·³9b³·+°T9`'!R-,.













8#-<9] /2 ¦#68 2L;N5G ¦58UE#N58#-6 9CﬂG¦#¦UEO²§26 9uE56¡E5?52 /8§?V/2¦U;<EFG3H-y9G;-H8#?Â?#8UE#N52303ﬂ2 BO2
3=C<G/L;-N5-;JDB@E°Æ/1#2tÁ-0/G3S2[?ﬀ¥O-H?5226Ê]_©@E:-_/8#?O9-<9=;J2Å¶B#D/8§tk¦58:926 3H29 tkEF3;J-¦O302U9´¦#685/DB#D9
/1#-ﬂtÁ-0©@EF2@9 2[? E:? /26u;JG-H? ?#8OtkV62ÃB:Cﬂ8#¦5D6G;=-H8§?:9 D[3XD[t2?@;JG-6A2V9 PuÆLEF?#-;8#¦526G ;=-H8§?:9JÊQ]
-H?5B#D¦52?VB#G[?;J2@9SB#G?:9k302LE56_¦#6Ä-H?V/[-H¦52B@E¦#685B@EF-;
m
-H?5G[32L;~ti2L;<;JG?;_2? 2LE E:? tÁºt2Á;u²ﬀ¦52BO2
¦#6A8§¦ﬀ6-HDL;JD@9.¦51U²:9-0©@EF2U9 8VE /1#-HtÁ-0©@EF2U9v ±¤G
m
-ﬂ3I;=6GL;=-H8#?#] 3HG«9ADB#-ﬂt2?@;JGL;=-H8#?#] 3H2 #68U²5G¥52] 30G
B#-ﬂ9=;-H3ﬂ30GL;J-H8#?¾8UE 3=C023ﬂ2/L;=6J8#3X²F92
m
8#?@;°¦5G6=;=-H2ÂB#2Â/2@9 8#¦5D6G ;=-H8§?59v Ri?»¦#685/DB#DÂ29u; G3H8#6 9
3=C<2?V/[1VGI|y?52t2?@;¨B#2³¦53E9-02LE569B#2¶/2@98#¦5D6GL;=-H8#?:9vÈ3IE#;@;´©@EF2B:C0DL;<EFBU-H26/[1VG©@EF2³¦#685/DB#D
9AD¦5G6Dt2?@;J]:-H3hG¦#¦5G6GI|Z;K¦53E9-H?@;JD62@9 9G?@;¤GLE5fÁ;J2?VG?@;9B@E¥5D?#-02k/1#-ﬂt-0©@EF2kB#2kB5DN§23H8§¦#¦5262L;





/8§?59u;<E5-;J2 ¦#6A8V§GL5302[t2?@; ¦#6A8§¥#629 9-N52t2?@;J] 9G?:9 ;y8VE A8VE56 9¹ºL;=62
m
8#6tiG3H-y9D2]¡¦52LE#;JrºL;·62

















P<{i85BU¥52]oclO\cQÆ3H2i¥526tÁ2B@E /8#?#/2¦U;B:CXE5?#-I;8§¦526GL;=-H8#?UÊ]¦#6A8V§GL5302[t2?@;¤E5? ¦52LE ¦O3E9;JG6B













^oE#;=6A2[t`2[?;BU-;3H2U97-HB5D2@9~B#2 5GU9A2ÁB#2Á/2Á©@EF-B52N5-02?5BU6GÁ3H2i¥5D?#-ﬂ2/1#-ﬂti-0©@E2i?52 ?5G-<9 92?@;¦5G9






B#2 /2L;0;J2 E5?#-NF26 9-;JD ¦5G6u;=-0/LEF3H-ﬂ¿62]7/6DD22? ceﬀjc ¦FG6¨B#2@9Á6AD
m
8#6tiGL;J2LE569´2?ﬀ¥5G¥FD@9´B#G?:9´302
t`8VE5N52t2?@; GL58O3H-;J-H8O?#?#-<9=;J2 ©@EF-´98UE51#G-;JG-02?@;n¦#68§t8UE#N58#-6³Æ3ﬂ29¶9A/[-02?#/2V9 ¦#6AGL;=-H©@EF2U9Ê­¦5G6






B#2 Æ/[152ti-0/G[3 2[?ﬀ¥O-H?5226Ä-H?ﬀ¥OÊ ²
m
E#; 8§6¥5G?#-y9AD 2?¾ce#e#e5vÁ^oE B#DLUE#;aB@E  k2 9-H¿/3ﬂ2] 30G


















8#6ti26SB#2U9k-H?U¥FD?#-ﬂ2E56 9ktG?#G¥526 9SGLE­926N5-0/2B#2 3=Cﬂ-ﬂ?VB@E9u;=6-H2 923H8O?³3X2 ti85B#¿[302 -H?5/G6?5D´¦5G6
TKG²#3H8#6v
^oE 92[-H?nBO2/2`;=6J8#-y9-0¿t2 ¥#68UE5¦52]h8§?´;<6J8VE#N§2ÁB#2@9_9¦FD/-HG3ﬂ-<9=;J2@97B@E ¥5D[?#-02D[302/L;=6-X©@EF2Á2L;B#2Á30G
/1#-ﬂtÁ-02´G¦#¦53ﬂ-0©@EFD2´P?V8V;JGtit2?@;	®G[3
526A]G?#/-02? /8#?O9=E:3;JG?;7G9 985/-0D´B#2 ±-;<;J3H2]K/6DGL;J2LE56_B@E




















G-;¤/85t tG?#B#26¦5G63H2W, ÉT E5?6G¦#¦58§6<;KÅ7±-;<;=3X2]98#?´G?5/-02?´G@9985/[-0DUvU±¤2



























































E5?#-I;JG[- 6 29KB#G?O9K302@9EF?#-XNF26 9-;JD@9 v






B#-¦53 OtD@9 2[?°/152ti-ﬂ/G3i2?U¥5-H?5226-Z?ﬀ¥ 2L;B#2.3uC0^7É
>
1UqÀ¦#68#¥U6A2@9 9A2[?;Å³E5? 6²;=1#t2 98UE#;J2?@E
P<È- 62L;J]ÁclO\cQvRS?#2 ?#8UE#N523ﬂ302³B#-<9/-Z¦53H-H?52B:Cﬂ-H?#¥5D[?#-02E56 9¨2@9u;`?#D2UvÈh68 2L; B#2³/8#?O9=E:3;JG?;9´GLE
B#D¦5G6u;=]9J¦5D/-HG3ﬂ-;JDBC02?O9A2[-H¥5?#2t2?@;2L;YB#2 62/1#26/1#2´2?:9=E:-;J2]2[3H302 92B#DN523H8#¦#¦52ÁGLE99-KB#G?:9





2ti8UE56 9K2?k¦:G6u;=-H/E:3H-026]5B#8#?@;h3H2U9K-Z?#¥5D?#-02LE56 9+P 9A8VE#N§2?@;MB#2@9
G?#/-02[?:9B@E.,ÉAT+Qti2L;<;<6J8#?@;`2?¦#6GL;=-H©@EF2 302@9/8#?5/2¦U;=-H8§?59B@E­/1V2[t-0/@G32?U¥5-H?52@26Ä-H?ﬀ¥¡GNF2/
9A2t`5302r<;JrA-H37E:?°/26u;JG-Z? 9=EF//¿U9]k/8§?VB@E:-ﬂ9AG?@;2?@;=62GLE#;=6A2@9nÅ E5?V2a3HG6¥52¶B#-NF26 9-
m
-0/GL;J-H8§?°B#2







2@99-H8O?#?V2[3<9 302U9/8§?59uEF3;JG?@;9]53ﬂ29+EF?#-NF26 9-;JG-62U9¤2L;3X2@9-H?#¥5D?#-02LE56 9¤B#23=Cﬂ-H?5B@E9=;=6-H2  B#2
?V8Otk#62EOf¾¦5G9 9G¥52@9 92
m









/8§titG?#B#2U9¾ti-ﬂ3ﬂ-I;JG[-H629v ^oE B#D¦5G6u;¾9GN58O-6 B:Cﬂ-ﬂ?ﬀ¥5D[?#-02LE569¾/8#?:9uEF3;JG?@;9A]¹3X2 /152[ti-0/G@3
2?U¥5-Z?5226-Z?#¥ 2V9=;B#2LN§2[?E EF?#2ÁB#-<9/-Z¦53H-H?52 E:?#-NF26 9-I;JG[- 6 22L;/UC02@9=;2?´;JG?@;©@EF2k;J23H302Á©@EMCﬂ23ﬂ302 NFG
º;=62Y-Hti¦58§6=;JD272?qKE#6J8§¦5272 ;M2?k¦5G6<;=-H/LEF3ﬂ-026K2?`µ6G?#/2#v
 ﬀ
	 O:¤@V# ­ŁO`	¤OŁoŁ #Ł#¤OŁo =hOJŁO


































































































































































































Pu¦Fv<ceﬀlUQv`{`G?59aEF?#2 92/L;J-H8#?¸/8§?59G/6D2 Å 3=Cﬂ-0ti¦58§6u;JG?#/2 2L;.Å 3HG

































































































































































































































































































































































1#-Zt-0©@EF2ÁB52ÁTK8VE53H8UE92ﬀvORk?V2 92/8#?#B#2 9A2U9 9-H8O?n2@9=;8§6J¥5G?#-ﬂ9D2Á3H8#6 9~B@E B#2LE5f5-0¿[t2
9AG3H8O? 2? zE:-H?ÀclO\ﬀb GNF2/­Å ?V8VE#N§2GLE E:?52
m
8§6u;J2¡¦#6D92?5/2­B#2U9 ;J8UE53H8VE9AG-Z?:9 vW±¤2­¥5D[?#-02

























q¤?¬©@EF-H?#|2 G?59] 30G /[1#-0tÁ-02 -Z?5B@Eh9u;=6J-H23ﬂ302 G B#8#?5/ B@EÂG//2¦U;J26.2;-H?@;JD¥#6A26¶3XG ?V8VE#NF23H3<2






















/6DGL;=-H8#?´B  E:?V2kD/8#3ﬂ2k?VGL;-X8§?VG[302 9=E5¦5D6-02LE562kB#2¥5D?#-02i/1#-ﬂt-0©@EF2´gO/#C02@9u;¤3HÅk302¦58O-H?@;¤B#2kB#D¦5G6u;
B#23=Cﬂ-H?@;=685B@EF/ ;=-H8§?®B#2a30G?#8UE#N523ﬂ302B#-y9/-H¦53Z-H?52.2?®h6G?#/2UvÈM8VE56/8#tk¦#62?#BU62/2©@E:-_¦52LE#;
Gti2?V263027B#-62/L;J2LE56KB:CE5?iti85B#2@9u;J273HG58#6GL;y8§-6A2o¦#68VN5-H?V/[-0G3FBC0D3ﬂ2/L;=685/1#-Ht -02_Å92730G[?V/26KB#G?:9













Gti-ﬂ3ﬂ302 ,aGL;J-¥O?V8§?V]+;J-;<E53HG-H62 B#2 30G/[1VG-Z6A2 B52 /1#-0tÁ-02 tÁ-H?5D6AG[302BVE
>
8#3H3ﬂ¿¥52B#2o6G?#/2Uv[qs? clUz #]OG¦#6¿@99Go;=1#¿@9A2]O-03O¦5G6=;GE oEFD52/]OÅ3 Ri?#-NF26 9-;JDo±¤GN5G3H]O¦58UE56
²n2?592[- ¥O?5263HGi/1#-ﬂtÁ-02it -H?5D6AG[302i2L;sG?#G3H²@;J-0©@EF2UvOÉ36G/8§?;J26GiG¦#6¿@9¥UEF26u62i©@EF2i/ 2@9=;3H8#6 9B#2





















































































































































]h2[?´¦#6 §?VG[?;3 2[?:9A2-Z¥5?#2t2?@;s2?/[1#-0tÁ-02iB#2Á3 GL;y8§ti-<9 t2i2L;sB#2 30G 9=;JGL;=-H©@EF2
/1#-ﬂtÁ-0©@EF2v}72?@;=6D2?x6G?V/2 2?­cl#b#d#]s-0379uEF//¿B#2 Å Ç5G5GL;J-H26SB#G?O9i30G /1#G-62B#2 /1#-ﬂti-<2
¥5D?#D6G302´B#2´3ﬂG
m
G/LE:3I;JD 2L;¦#62?#B 2?¡cl#bUz 3ﬂG´B#-H62/L;=-X8O? B@E30G58#6GL;y8§- 62´B D[302/L;=6J8O/1#-Zt-02´BO2
3 E:?#-NF26 9-I;JDUvÉ32?@;=62¦#6A2?#B G3H8§69 E5?#2¶;=6G?59
m
8§6tGL;J-ﬂ8#? -Zti¦58#6y;JG?@;J2­B#2­/2¡3HG58#6GL;=8#-62­GLE





-ﬂ¿62tÁ2?;´3H8#6 9B  E:?V2¶/8#t tkEF?#-0/GL;J-H8§?®GLE  ÉJÉ2/8#?U¥#6¿@9nB#2
/1#-ﬂtÁ-02-H?5B@E9=;=6-H23ﬂ302.ÅxÈG6Ä-<9A]2? cl#b	:vÉ3 9C0G¥5-;¨BCE:?V2x;J2?@;JG;=-XN§2¶B:C0-ﬂtÁ-I;J26 302@9ntDL;=1#85B#2@9
B:C02?O9A2[-H¥5?52tÁ2?;NUEF298UEU;=6A2ru^o;=3HG?@;J-H©@EF2]:tiG-<9-03?:C<2U9u;M¥UEF¿62_©@EF2@9<;=-H8#?ÁG3H8#6 9¤B#230G7?#8U;=-H8§?B#2
¥5D?#-ﬂ27/1#-0tÁ-0©@EF2Uv






2/L;JD7GLE#fkÈM8UEFBU626-H29}~8§²VG[302U9KPy} oQ]5GLN52/o¦58UE56t-y99-X8O?i3H27B#DN523H8#¦#¦52[t2?@;MB GL;J23H-026 9KB#2












2 i-I;ﬂ;=Q]/2 ©@E5-o3 Gt¿?#26G Å







































/6D26´E5?#2¶-H?:9=;-;<Eﬀ;=-H8#? B:C·2[?592-H¥O?V2tÁ2?; 9uE5¦5D6Ä-X2LE56 2; B#2³62/1V26/152.B#G?O9n/2.B#8OtiG-H?52¶2?
9 CﬂGBU62U9 9G?;°Å«3=Cq;JGL;Av
>




























u{`DUE#;½B E5? 30G§8§6AGL;=8#-62 BC0D302/L;=6J8O/1#-Ht-ﬂ2 Å 3 E5?#-NF26 9-;JD B#2 T8UE:3X8VE9A2  ¦#6D92?@;J2
3 8#6¥5G?#-y9AGL;J-H8§?®2L;3  -H?:9u;=6uEFti2?@;JGL;=-X8§?­B@E 3HG58#6GL;y8§-6A2B D302/L;=6A8O/1#-Ht-ﬂ2/8§?59-ﬂB#D6D/8Otit2a30G







GL;=1VG3HGk-ﬂ39 G¥5-;¤B  E:?V2`N5D6Ä-I;JGL5302`¦#6A8VEF2@992k-H?5B@E9=;=6-H23ﬂ302gµ9-h302V9GtD6-H/G-H?:98#?@;
6ADLE9 9-h/  2@9u;¤©@E& -ﬂ3<9B#-<9¦58:92?@;¤B#2t`DL;=1#85B#2@9B#27;=6GLN5G-H32;¤B#2/GBU62@9/G¦5GL5302U9B#2kt2L;ﬂ;=62SG-H?O9-
6AG¦O-XB#2[t2?@; GLE ¦58#-Z?; E5? ¦#685/DB#D Å 3 D/1#2303ﬂ2 -H?5B@Eh9u;=6-X2[30302Uv»É3 98UE:3H-H¥O?V2 P?#8#?







































































¸S  W?n62L;=6J8VE#N§2 -H/-K302´/[30GU99-H©@Eµ2´G6¥UEFti2?@;~B#2Á3HG 9/-02?#/2´/85t t2






















































































































































































8§?VB#GtÁ2?;JG[3X2 P2;Á¦5G6Á3HG¶9=E:-;J2³¦53E#;@;i¦5G6 J8§¦5D6AG ;=-H8#?
E5?#-I;JG[- 6 2 Q] ¦UE:-ﬂ9®GL;<;JG©@EF2 3XG ©@E29u;J-H8§?B#2 3ﬂG
m
8#6tGL;J-H8§?GN52/ EF?#2 ¦5G6u;J-H2 /8#?O9G/6D2 Å

















































































































9=E56Á3H2U9-H?:9u;JG3H3ﬂG;-H8#?:92L;i3X2LE56/8  #;S¦#6D¦5G62 3  G6J¥UE:t¨2?@;`©@EF2x3 8O?³;=6J8VE#N§26G B#G?O93ﬂ2U9k;J2Lfﬀ;J2@9
















































































































































3 2fV¦5D6-02[?V/2 B#2 98#?¬B#-H62/L;J2LE56¦526ti2L;<;=6J8§?; B ² ¦FG6uN52?#-H6.B#G?:9.B#2 §8§?#?529./8#?#B#-;-X8O?O9A]













8#6tiGL;J-H8§? B@EB#-H¦O3 Ot2´B -Z?#¥5D?#-02LE56
D3H2/L;=685/1#-HtÁ-<9u;J2´B#2´3 R`?#-XNF26 9-;JD´B#2´TK8VE53H8UE92´2? B§-H¦53 Oti2´B  -H?ﬀ¥:D?#-02LE56_B@E ¥5D?#-02´/1#-ﬂt-0©@E2
P3HG7B#2tG?#B#2_2@9u;
m




30G_/6DG;-H8#?iB  E:?kÉ?:9=;=-;<E#;MB#2o¥5D?#-02/1#-ﬂt-0©@EF27BO273 Ri?#-HN526 9-I;JDB#27TK8VEF3H8UE927PÄ9=;JGL;<EU;MD©@E5-NFG302?@;






































































 2U9u; Åa3 85//G@9-H85? B#2./2aN§8§²VG¥F2¶©@E& -<3
6A2?#/8#?@;=6A26G q~v ±v:Èh-62L;J]KÅ ,.-H?#?52G¦58O3H-<9vhÉÄ3K² 62L;J8UE#6=?#26AG 2?¡clO\c¨2L;~2?­clO\ﬀbxGNFG?@;~B#2 92










-Z? B#2 B#DN523H8#¦#¦526k2?:9=E:-I;J2 Å

G?#/².3 2?O92-H¥5?#2t2[?;_B#2
















30G ?#GL;<E56A2 B@Eª¥5D?#-H2 /1#-ﬂti-0©@E2]´?#8UE#N52303ﬂ2
m
8#6Ät`2 B:CﬂG¦#¦53ﬂ-0/G;-H8#?¬B#2 3HG /1#-ﬂt-ﬂ2 ¦58UE563H2U9

































­¼ ¬4¼ ' '¼








 t4  bI9I¨ ]1R~³bI4Kµ¹¼ º¼'®³b&%y²/³'t¸1W%$^9«³+*¥H IbW1±9 4I¬K¦&Ł~¹9+4^¥
°'TW ¼ ¡9¼-5]I'·' %'&]1~7($9«¸³T¥]) ^b9*K9 !+4©b¥°TW
!
¼ *&¼ 9'b %7®'CT($^'9«¸ª *Kb




^_-H?:9-0]2? 6AG[?V/2]3H2´B#DN523H8#¦#¦52t2[?;~B#2 3<C02?:92-H¥O?V2tÁ2?;7B@E ¥5D?#-02´/1#-HtÁ-0©@EF2´?#2´B#8O-;6-X2@?
GE#f­-H?5B@E9=;=6-H23<9vh8§6tiG30-y9AD2/8Otit2a9A/-ﬂ2?5/2 ¦5G6´3<29 EF?#-NF26 9-;JG-62@9¨GtÁD6Ä-0/G-H?:9]Y;JG?@;GLE































  ﬀ Ł´ 	#Ł5§¢¤Ł:##¢ŁoÁ 	x 	³#ŁO¤5Ł Áu¤ﬀŁ
zE9©@EMCﬂGE ti-ﬂ3ﬂ-02LE B#2U9G?#?#D2@9_985-Xf§G?@;J2rBU-f§]3ﬂ2k¥5D?#-02Á/1#-0tÁ-0©@EF2Á92iB#DNF23H8§¦#¦52iB#G?O9302i/GBU62
B#2¡30G¶62/[1V26/1#2.¦UEO530-ﬂ©@EF2ﬀvW±¤2@9 3H-ﬂ2?:9 GNF2/®3=Cﬂ-H?5B@Eh9u;=6-X2 9A8§?; 3H-0tÁ-;JD@9 GE ¦O30G/2t2?@;nB#2U9













B#2E#f5ru¥UEF26J62@9 B@E56G?; 3HG©@EF23ﬂ302Â?#8UE9 GN§8§?59 NUE½©@EF2 3H2@9 -H?5B@E9u;=6-H23<9 GN§G[-02?@;
m
-H?5G?#/D





;y8VEﬀ;J2YE5?#29AD6-H27B#2~ L;J-Zt2?@;9Yg[E5?#27D/8O3H27B  -H?#¥5D?#-ﬂ2E:6 9A]VE5?V27D/8O3X27B#2Y;J2/1#?#-0/-ﬂ2?59]UE:?iG;J2[3H-026








































































































G[-<9A2 ?#2­/8#?#?5G[-<992®¦5GU9 302 tºtÁ2°2?U¥58UEF2[t`2[?; ¦58UE56 3H2 ¥5D?#-02­/1#-ﬂtÁ-0©@EF2­©@Eµ2 9A8O?
1V8Oti8O3X8§¥UEF2­GtiD6-0/G-H?52 2L; /8#?@;=-H?@EF2­B#2 6A2/6uE#;J26 B#2@9 /1#-ﬂtÁ-<9=;J2@9 ©@EhC<23H3ﬂ2°G@9985/-H2 Å­B#2U9










¦#6AD/LE56 9A2LE56 9.8#?@; /8§tit2?5/D Å 2@99G-0tÁ26.GLEª§8VE#; B:CEF?#2 B#8UE5|G-Z?V2 BC0G?#?#D2U9.B#G?59¶302U9
B#-
mum
D62?;J2@9E5?#-NF26 9-;JDU9KPJ4W68:9 9A2L;ﬂ;=-52;, 8UE5?#-H26r ﬃ7E:1#?5]cl#lO\Q v









C02U9u;´3=C0D¦585©@EF2¶8  3H29 EF?#-NF26 9-;JG-H62U9
2?:92-H¥O?VG[?;B#G?:9o302@9~D/8O3X2@97/1V26/1#2?@;sB#2@9¦5G6=;J2?#G-62@9-H?5B@E9u;=6-H23<9]+9A8VE#N§2?@;s2[? 9C0G¦#¦UE5²5G?@;
9=E563H2@9¤G?#/-02?:9¤D[30¿N529'{1{ vÈ2 ;=-;+ÅW¦52L;=-I;J]:GLE¨/8UE#6 9¤B#2@9¤G?#?VD2U9©@EFG;=62ryN5-H?U¥U;+2?i¦5G6u;=-H/E:30-ﬂ26]:3H2@9



















3=Cq;JG; Pu3HG»tGV992 9G30G6-0G3ﬂ2 9=E56¦5G@9 9G?; Å»23Z302 92LEF3H2»B52 ;=6¿@9¬3X8O-H?Ã3ﬂ2U9¬ti8#²52?O9¸B#2
m



















±C01#-y9=;J8§- 62´B@E ¥5D[?#-02/1#-Zt-0©@EF2 ?V8VE97¦526Ät2L;~B#2Á¦526A/2LN585-6302@9_30-ﬂtÁ-I;J2@9_B52@9_B#-XNF26 92U9o;=1V¿@92@9





cl#lUp#QS8#¦#¦#8:92 E5?ti85B#2 G/GB#Dt -0©@Eµ2 B:C08§6¥5G?#-y9AGL;J-H8§? B#2 3ﬂG62/1V26/1#2x9=E5¦#¦58µ9AD B#8Oti-H?5G?@;
B#G?:973H2 ¦5GU99DÁ2;E5? ti85B#2 ?V8VE#N§2GLEF]B#D
m
-H?5-¦FG673HGBO2tiG?#B#2 9A8O/-HG302UvO±C02fF2[tS¦O302ÁB@E ¥5D[?#-02









G-<9] 9=E56 3H2©@EF2[3S?#8UE9´?#8UE9 985t t2U9
G¦#¦UEO²VDU9Á¦58UE56´/2 ;0;J2x¦5D6-X8OB#2]o6AGBU-H/G3ﬂ-<92 ¦52LE#;Jrº ;=62 E5?¶¦52LE /2L;<;J2 ;J2?#B#G?#/2]7tG-y9¨23ﬂ302³29u;























3=C08§ 2L;MB:CXE5?S¦O-H3H8U;JG¥52o¦5G630G985/-HDL;JDUv76]#-H/-H]O?V8VE9KGNF8§?59E5?i/8#6¦:9KB#29AGLN58O- 6 9KB:C0G§8§6AB
m
8#6¥5D
1V8§69¸B@E ti8#?#B#2 G/GB#DtÁ-0©@EF2»¦:G6ªB#29¸/8§?:9=E:3I;G?;9]­¦UE:-<9¸B#2N52?#G?; E5?V2 B#-y9A/-Z¦53ﬂ-H?52



























±¤G ;=1V¿@92 B#2x30G³ÆL;=6J-¦O302 15D[3H-0/2Ê]¦O3E9i¦#6uEFB#2?@;J2]W92t`F302xt-ﬂ2EOf®/8#?@NF2?#-6´Å /2;i2LfF2ti¦53ﬂ2]
¦UEF-ﬂ9A©@E2k?#8UE9GN58#?:9NUEnGLE5f´¦#6-<92U9B#G?:9sB#2@9G66G?U¥F2[t`2[?;9N5G6-0G5302@97923H8O?´302@9D¦58O©@EF2@9s2L;

























8#6ti2´-Z?:9=;-I;<EFD2 302U9_D/1VG[?ﬀ¥52U9_2?@;=62´3HGÁ62/1V26/1#2 EF?#-NF26 9-;JG-H62´2L;¬3=Cﬂ-H?5B@E9=;=6Ä-X2]8#?@;¤;=68UE#N5D
B#29­/8#?@;J2Lfﬀ;J2@9
m
GN58#6GL5302@9®B#2 B#DNF2[3X8§¦#¦52t2?@; B#G?59­B#2U9¶EF?#-NF26 9-;JD@9 ¦5G6u;J-H/LEF3ﬂ-0¿629­©@E-
G9 985/-H2?@;_3HG´62/1V26/1#22L;73XG
m
8§6tiG;-H8#? B#2@9k-H?#¥5D?#-<2E56 9¨gM3X2¨, ÉT 8VE®Ç@;JG?
m




















-0©@EF2U9 G/GB#DtÁ-0©@EF2U9 PyE5?#-NF26 9-I;JD@9]iD/853H2@9QA] Å
m
8§6ti26 B#2¶?#8UE#N523ﬂ302U9
















B#DN523H8#¦#¦526/UC·2@9u; GE9 9-Á¦5G6/2 ©@EhC0-ﬂ3G ¦UE9Cﬂ-H?:9u;JG3H3026B#G?:930G B@E56D2] 92 /8#?O9u;J-;<EF26 2?
B#-ﬂ9/-¦53ﬂ-H?52Uv









GE#f q;JG ;9r<Rk?#-<9~2L;3uC02?:92tk5302´/8§?:9=;=-;<EFDÁ2? µ6G?#/2Á¦5G67302@9WD/8O3H29_B:Cﬂ-H?#¥5D?#-ﬂ2E56L9~BCﬂ8#6-¥5-H?:2
E5?#-NF269-;JG-Z6A22L;K3X2@9ÆﬀÇ:/-02?#/2@9K¦58UE563<Cﬂ-H?#¥FD?#-ﬂ2E56Êk/8§?59u;J-;<EF2?@;+B#2@9¤G66G?U¥F2[t2?@;9¤B#2_/2o;<²U¦52ﬀv
>
26=;JG-H?:9ª¦52LE5N52?;«N§8VEF3H8#-6À3ﬂ29Ât2L;<;=62 2? /GLE92] ¦58UE56ª6ADB@E5-62 302U9ÂB#D¦52[?:9A2U9ÂB#2U9
¥58UE#N526?#2t2?@;9 8UE ¦58UE56³9G ;=-<9
m
G-62­Å¶¦53E9 /8UE56y;´;J26Jti2¡3ﬂ2U9 §2@98O-H?:9 -H?5B@E9u;=6-H23<9v7É3<992
;=6J8UE#N526J8§?;°¦#68U5GL5302t2?@; /8#?
m










}Y W¶¡«19´I ¢¥  º  WWªŁ7h7´CT &]9«¶b~ µ9I~7'°T!' 'tj³1R7tjŁ 7´IT1^'?9II­¶¦
9 '- «¥K³ ,
AIÄ03= 
















































97'1~³K¡9¼ ¥  ﬃº4¤º49I9WI7  9~79bI!T 7 '¨~ $ !«W ' x1T~71R¢ «¥
   Ao 1<
+2L	J03J
¥CT b
















I9 ,%¼§©~7t7I +^¼³?£YI +^¼ ¥%!'¥( $^T9«¸ªﬂ-~b'!yIW 191ba99Cy!«ﬁ $W9 IWbWt  «¥
!





§©99ﬃY9I &'79bW71&°T1'µ`} -  ^·'!Tb9~9Iﬃ!99t¥*^¼© '¥9'
5]bWﬁ
!
¼ ¥/9I'¥ bº¹«I~y7I  ~99I~7X97It~7 °T97bTX b³¨Xﬁ]!T¢ 9«	~7X·'!'7
9³ 7´Iﬃt¥³¨}]¼'£9~7I b§4¼	7T¥"
	)Ä2(3=	!5 273#(3 3 "-1+ &,	J Ä	
¥'!¼ﬂ'9°ŁIW1¥
²fﬁ



















ﬀ/ 3u	JI U& 1u
+2L	J03+U&90"/ 3u/K":  L	
¥C®³WŁ«¥!º4II 9' ,/I³·1WI
µ4ﬁT)^ﬁ^]9WT¥ﬂ,%bW9`}^I )Xb]91~b&®bW9 %-9T *¥ﬂ
!
!°Tªy!~ ﬁt·;')~79·'I¼I] ) 7W9«!bWI`1
³IW&!T+t!t9& ﬃ ¥ $¹
&h¥!''¼
§T9 *+¼ ¥©!+4()'¥bº¹9°°T9!³~7~³1·'Y9' 7´I¹b&}^~7~!h1·Iﬃt¥ ,.
0/K 61u
+2L	J03=
¥1I~¼ ' ¥1 I
£Y IHIx²%¼ ¥Cº47 I·'t
!














¤  I	/5!57373o	J  Ä 	
¥ﬂ'1·'1¥1º4IIt
£Y³·I  & ¼ ¥9'b¥bº¹³7IW7I''1~³W¸bWI&¹~7^9799Y9&&~77b&''9«¸1³Yb 14ﬃﬃ- ﬃ ¥
 )UI
	J 
¥9I~ )ﬁ'¥ °'°¼ © 4






















	  )ﬀÄ2(3=	!O+2(3F#(3 3" 1h&" 	= IÄ	
¥C9¼ﬂ'b°ŁIW1¥I²/bﬁ
£Y'«Wx²/7Ł9~ %-I³¢¼ *¥.-
F/ 3=	I 5 3 3J 03= 2L_	@	J / :


















I~7~7I´I]  ^WWI7]]~  WﬃI !7´It¥'1°'7#-}YIW°TI~7W¥
 ﬁ b 4*^bW9 9 ﬁ














¼ ¥Rµ4&°'Wﬁ £+¼ ¥HﬃI1^²%¼ ¥Rº49'b¡9¼ y®4¼¥²/1T7Ł 






¼ ¥ I°T7t¢9¤² ¼¥' 


















¡«!WY}&¼ ¥b'I¥ +91~bW9bﬃxIt!t9 7t¸9tbﬂﬃt¥ ﬃ
/ 3   5:L(/M-3J/I 4
¥­T
º4t1T!9 }&¼ ¥  º4	Ih!7I k~  '·9'7b -9'7&WW «¥
!















¼ ¥©!'()'¥  TY&<'·h1]!!T!³I!]W9!TI~7I·'791~' !«³ %1¯]9~
!
I&°yI¥¡t 1¯]7~!
9^ﬃI 1²%¼ ¢¼ `¼ ¥9 ﬁC¬ Ł!+4C­ﬃ ¥ WWI799~³'7t ³&°'I791~©97991 ﬃI¥I ) ﬁI¥©1¼




º4bWI²%¼ ¥©9(' b¥bº4Y·'97¹b³ 7´CTﬃt¥ ,.
0/h(1<
 2	J03I




























²f1b y¯^'' ®4¼ µ¼ ¥]!'6'T¥  $ °'I·'1h¨'!7I9~C%x~³¨991'7´I't+~³7't ﬃ ¥` £Y'¢b7WYb1~³77¥
 


















µ¥  ﬃº4?9JI~7/b ~/ﬃI&!7Iﬁt·'b'«KI ·b'7/9&7´I «¥°' «b }Yµx®i3#)'­'¥º4ITI1«¥ )  
)ﬁ ﬁ#¸9 4+4¼
®©tW 5 ¼ ¥bI­T¥ bº4+°'IITy7IK'tYbI7«b^191'9&7tb4&9bI¼ $^^9~79b7'^'WyI7´I]IK~³
 4	T ) °TICTbW71 1 T)^~79'·ﬃﬁ!'W	°T9¶²k¼&£II ﬃ ¥ +«%©91ITI¨%IR79~7~1¥^ ­'¥
°'°©¼W' ﬁŁ­ ¼







¥1I~ '+' ¥C )



















,k97·'!W&®4¼ ¥K9'C­T¥ b§©I bt~7 ﬁtbW71"ﬃ W 9 I )ﬃ %YI~7)7/³X ) 17W~7t
B
ﬃ ¥ ''!1~ 9799
³ﬃI bW7IT¥I1·'t¥ º4ITI1«¥ ﬁ6'$% +*ﬃ¥C°I°¼ 4I©  ' ﬁ
¤#5ŁO
}^Łtx'Y~  99I~7Y'Y9³ 7]!T¢T¥91ﬃ79  }&¼!²/9'C'³¼
}^Łtx'Y~  µ4'
!
¥'!1Tﬃ79²	¼tº4yI-©C")T Ł ^1I9«Y¦Y®4¼5]I ﬁ19~71-¥(5^«¼!µ4¢¼"C'°¼
}^Łt+µx'
!





























































































+!°'°I-¶t% 47­Ł9=b ﬁ© ­!¢!'X'¶~7/ﬃIbW7I'9¨Ł '1 )=°9&!t¶9'9t¶C
T1I9!¤°'~+JI¨t¥'¥ 9 W~7 )ﬃ Ł9!T^¦®4¼5]I ﬁ19~71-¥(5^³9yT4tµ4¸97·IT! b'ﬃ I'°Ł7b'«
² ¼1º4bWIW¥ﬂ ﬃ!°'°t 19~©'~7ﬃIbW71'9 b'Y~ µx'
!
 ¥}¹bt µ4'
!
¥b+'ﬂŁ!+46'¥7' ﬁŁ974('
